Introduction
Sheet metal forming is generally referred to manufacturing processes in which sheet metal is deformed plastically into a desired geometry of a product. Sheet metal forming has wide applications in today's industries such automotive, aerospace, defense, and so on. There are several sheet metal forming processes including stamping, hydroforming, deep drawing, roll forming, etc. The mechanics of sheet metal forming is mainly introduced in [1] [2] . Formability is defined as ability of sheet metal to be deformed plastically without any failure. In the recent years, several studies have been conducted to characterize sheet metal formability [3] [4] [5] [6] [7] . To characterize sheet metal formability, it is important to measure the forming strains that sheet metal experiences at the end of a forming process. Additionally, accurate measurement of forming strains has been shown instrumental for FEM-based crash simulation, where an accurate material model is needed [8] [9] . Circle grid analysis is one of the most effective method that is used as an experimental means of measuring forming strains in stamped sheet metal parts. This method involves etching a pattern of circle grid with known dimensions on sheet metal before forming operation (as shown in figure 1 ), and measuring the new dimensions of the deformed circles after forming operation (depicted in figure 2 ). The etching process is usually conducted through an electrochemical material deposition. A DC voltage is applied between a rocker (or roller) pad and the blank sheet metal specimen as shown in figure 3 [10]. The stencil, which is usually a pattern of circle grid is placed in position on top of the sheet metal blank specimen. The stencil is a woven fabric over which non-conducting coating has been applied. However, in producing the stencil, the non-conducting coating is removed at the locations where marking is desired allowing current to flow to sheet metal blank. Stencils are available in different patterns, styles and sizes. A felt pad saturated with proper electrolyte completes the circuit between the rocker (or roller) pad and the stencil, providing the necessary electrochemical action that etches marking on sheet metal blank specimen. Figure 3 Schematic of Electrochemical Marking [10] As established in industry standards, Table 1 shows the etching process characteristics for steel sheet metal in terms of voltage and time duration. The process should be conducted with chromic acid solution as electrolyte based on the following specification: Table 1 Steel Electrochemical Characteristic Similarly, Table 2 shows the etching process characteristics of aluminum sheet metal in terms of voltage and time duration. The process should be conducted with sodium hydroxide solution as electrolyte based on the following specification: Table 2 Aluminum Electrochemical Characteristic Although these characteristics can be verified by Faraday's law of Chemistry, they will be simply adopted as design specifications in this project.
While electrochemical marking systems are available commercially, they could be pricy depending on the product specifications. For educational and research needs of the department, a team of undergraduate students is assigned to design and prototype a cost effective electrochemical marking system for strain measurement application in a senior design framework.
Educational Goals
While the project is a senior design project, it targets the following main educational goals:
1-The project aims to improve the ability of the students to design a realistic system and its components under realistic design requirements and constraints. 2-The project aims to improve the ability of the students to understand and apply fundament of mechanics of materials for strain measurement, basics circuits, circuit simulation, chemistry, electronic laboratory testing and validation. 3-The project is to improve the ability of the students to apply modern engineering tools (such as Multisim, Excel, Circuit lab equipment) to analyze and design a realistic system and its components. 4-The project is to improve the students' hands on skills in fabricating circuitry and working prototype of circuitry system. 5-The project aims to improve the ability of the students to design and conduct experiments to validate the performance of their design. 6-The project aims to improve the students' written and oral communication skills.
The educational goals of the project correlate closely with most of the ABET student outcomes (a-k), which are widely accepted in engineering education community. These outcomes have introduced and mandated by ABET for engineering programs to ensure the quality of engineering graduates. Projects similar to this project would help engineering educators to cover many student outcomes in senior design classes, which improve the quality of engineering education. Two senior level students worked on this project over the course of two semesters under senior design project I and II classes. The students worked in the summer time between the two semesters. It is intended that the project complements the prior works of the other educators in improving senior design classes [11] [12] [13] [14] .
True Strain Calculations Based on Circle Grid Analysis
For the purpose of circle grid analysis, several strain measurement techniques are available to measure true strains after sheet metal deforms. The easiest method is to use a flexible film-strip ruler (calibrated to different level of true strains) to read the strains directly. For such purpose, the guide lines of the film strip ruler can be aligned to the major and minor axes of the resulting ellipses achieved after deformation. The true strain method is used to characterize the permanent (plastic) strain of the sheet metal after it has been deformed [2] . Figure 4 depicts the deformation of a circle of the grid into elliptical forms. The major strain is defined as the greatest strain, while the minor strain is defined as the least strain. The oval on the right represents the case where both the major and minor strains are positive. The oval on the left represents the case where the major strain is positive while the minor strain is negative. The major strain 1  is calculated based on the definition of true strain as [2] ) ln(
where Lo = Original diameter of circles on the circle grid before deformation.
L 1 = Larger diameter of the ellipse after deformation.
The major strain  2 is calculated based on the definition of true strain as After deformation, the final diameters of the resulting ellipses can be measured by a flexible film strip called Mylar tape, which is designed and calibrated to read the strains directly. As shown in figure 5 , Mylar tape can be aligned to the major and minor axes of the resulting deformed ellipses between its guidelines to read the strains. The Mylar tape depicted in figure 5 is designed for circle grid of 0.2 in of original diameter based on the final diameters presented in table 3 for the associated percent strains. 
Design Objective
The objective of this project is to design a power supply that provides capability of etching grid patterns on sheet metal based on electrochemical marking process.
Design Requirements
The customer is in need of the following requirements:  A variable power supply that outputs 1-30 VDC and 2 mA matching with industry standard.  The power supply provides capability for etching of grid patterns on sheet metal.  Steel and aluminum sheet metal are intended.  Circle grids of 0.2 in of diameter on a 0.5 square inch of sheet metal are desired.  The power supply should be compatible with 6 in roller marker.  Once the grids are etched on the metals, a pre-defined Mylar tape is used to measure the true strain of the deformed circles.
Design Constraints  The power supply unit has to weigh less than 15-20 Lbs.  The power supply has to use wall outlet of 120V, 60Hz.  The entire system should cost not more than $350.00.
Design Approach
Given the design requirements and constraints, possible solutions are brainstormed and suitable ideas are generated to meet the design requirements. Faraday's law of chemistry is implemented to analyze the electrochemical marking deposition for a given electrical current. An electrical circuit is designed as a power supply to deliver the required current. The initial design is based on simulation, but validated as a prototype is built. The performance of the system is evaluated with a number of testing which is conducted on different sheet metal. The design approach is summarized as follow:
 Define the design problem.  Define the design requirements and constraints.  Consider Chemistry Faraday's law (or industry standard) for reasonable material deposition.  Initial design of power supply circuitry to deliver the required current.
 Analyze the circuitry based on simulation.  Build a model or prototype to validate the design.  Conduct performance testing on sheet metal.  Modify and refine the design.  Document the design Figure 6 depicts the design approach considered for this project.
Figure 6 Design Approach
Circuit Design Approach A circuitry needs to be designed to operate with wall outlet and provides a selected steady voltage of 1-30 VDC. Figure 7 depicts the block diagram of the circuit to be designed. As shown in figure 7 , the following tasks are carried out by the circuitry:  As required based on the design requirements, a 120 V input 28.5 V output transformer is implemented to receive the outlet voltage and then power the circuit.  A bridge rectifier converts the AC voltage from the output of the transformer to a DC voltage.  A smoothening capacitor provides a steady DC voltage without large levels of voltage variation.  A voltage regulator is implemented to automatically maintain a constant voltage level.  A potentiometer enables the operator to vary the DC voltage outputted from the voltage regulator in the range of 1-30 VDC as specified as the industry standard.  The load is the resistance of the sheet metal specimen to be etched. Figure 8 shows the Multisim circuit simulation of the variable power supply. The transformer converts the AC power 120 V to 28.5 Vac. Then, the bridge rectifier converts the 28.5Vac to 28.5Vdc. The capacitor C1 that is in parallel with R3 is a low pass filter that cuts off the high frequency on the output of the bridge rectifier. The capacitor C2 smooth out the DC voltage before allowing it into the voltage regulator. The linear voltage regulator U1 is an integrated circuit chip that enables the DC voltage to stay at a constant voltage level. The capacitor C3 is connected in parallel with Vout and ADJ of the voltage regulator to rectify any voltage and current before allowing it into the load. D2 diode provides a discharge path for C3 when Vin of the voltage regulator is shut down preventing C3 for discharging through the regulator. D2-D3 diodes provide a discharge path for ADJ of the regulator. D2 and D3 diodes are implemented as protective diodes to protect regulator against reverse polarity at Vin and Vout. The voltage regulator controls the voltage through the rest of the circuit. Resistor R2 is implemented to limit the range of the potentiometer to meet the design requirements. Resistor R4 is utilized to limit the voltage drop of the voltage regulator while the 10kΩ potentiometer R1 is used to vary the final output voltage from 1-30V DC. For the design to meet the output voltage of the specifications, the output voltage Vout needs to be calculated. The output voltage is also calculated analytically based on the following equation.
Circuit Analysis
where Vout is the output voltage from the voltage regulator, and Vref is the voltage across resistor R4, between the output of the voltage regulator and ADJ. Vref is called reference voltage and is constant at 1.25V for the voltage regulator selected. Equation (5) is derived using circuit analysis of R1, R2 and R4 circuitry.
In table 4, as the resistance of the potentiometer R1 increases, the output voltage increases as well. The desired range of the output voltage (as targeted as design requirement) is generated as the resistance of potentiometer R1 changes. Table 4 Calculations of Vout as the Resistance of the Potentiometer changes.
For the given potentiometer resistance of R1, the simulation has been conducted. The simulation results are obtained and summarized in table 4. For the purpose of validation, a prototype is built.
Prototype Power Supply
As presented in figure 9 , Multisim delivers a model for the Ultra-board circuit of the circuit designed, which is helpful when an actual prototype of the power supply is to be built. Vout (Volts)
Potentiometer Resistance R1 (Ohms)
Prototype of Circuitry
As shown in figure 10 , based on the circuit designed and analyzed, a prototype circuit has been built. 
Circuit Simulation Results and Validation
The circuit simulation results presented in table 5 exhibits significantly high percentage of errors in current at locations 2 and 3. After careful reviews, it has been discovered that the main reasons for the high percent errors are due to the fact that the Multisim simulation is conducted using ideal parts. In contrast, the elements of the prototype are not ideal in reality. The elements are subjected to some practical tolerances. So with that in mind, practical percentage of tolerances are included to the Multisim model according to the prototype parts specifications tolerances. The following practical tolerances are included in the Multisim simulation as shown in figure 12 : 5% tolerance is considered to the input of the circuit. The ratio of the transformer is changed to 4.2. 20% tolerance is considered for the capacitance of C1 and C3 capacitors. 5% tolerance is considered for the resistance of R2, R3 and R4 resistors. Finally, 10% tolerance is considered for the capacitance of C2 capacitors. With the tolerances included, the simulation is conducted again. The results are obtained and summarized in table 6. As a result of the added tolerances, a significantly large improvement has been observed with the percentage of error.
Design of Power Supply Casing
The prototype circuit needs to be placed in a housing for permanent operation. Figure 13 (a) and (b) show the front and back view of the solid model of the power supply built in SolidWorks. As shown in figure 13 (a), the front view shows the voltage display, banana sockets, and knob that controls the voltage via the potentiometer. As depicted in figure 13 (b) , the back-view shows the power switch and power outlet socket. A two-piece sheet metal casing is designed to house the prototype circuit. The two pieces are screwed together in the final assemble. Figure 14 shows the exploded view of the power supply assembly on SolidWorks. This view shows the components used in the power supply. There are two wooden blocks inside of the housing. One wooden block is used to hold the transformer and the other one is used to hold the circuit in place and also to prevent it from shorting out with the casing of the power supply. Based on the solid model designed, a sheet metal casing is prototyped. In figure 16 , the circuit board, the input sockets, voltage display, potentiometer, the output connectors and transformer are being assembled into the casing prototype. The entire weight of the power supply is found to be limited to 3.65 pounds, which is noticeably below the weight design constraint of 15-20 lbs. Figure 18 shows the final assembly of the electrochemical marking system. As shown in the figure, the positive terminal of the power supply output connects to the sheet metal specimen to be etched. As shown, the negative output terminal of the power supply connects to the roller marker. Figure 19 depicts the chemical solutions to be used for electro-etching process. These solutions include Neutralyte and Electrolyte. Neutralyte is used to clean the sheet metal specimen before and after etching. Electrolyte is used to aid the flow of low voltage electric charge from the roller marker through the gap in the stencil onto the sheet metal specimen. Figure 19 shows the components needed for etching process. These components include Steel and Aluminum sheet metal specimens, a roller marker, a marker pad, stencil and the chemical solutions acting as electrolye and cleaninig compounds. 
Solid Model of Entire System

Etching Components
Operational Procedure for Etching Process
The students developed the operational process that an operator should follow in different steps to etch sheet metal specimen as:
1. Plug power unit into 110V or 220V outlet. 2. Turn power unit on. 3. Set voltage to 15V. 4. Plug cord set into front of the power unit. Attach red alligator clip, the ground wire, to the sheet metal specimen to be marked. Attach black cord to the roller pad marker. Attach the other end of the red and black wires to the banana sockets with the associated colors on the front panel of the power supply. 5. Position long life stencil on the sheet metal specimen to be marked. 6. Dip roller pad marker in electrolyte so that the pad is saturated, but not overly wet. Overly wet pad causes shortage to power supply when coming in contact with the sheet metal. 7. Bring roller pad marker down on top of the stencil that is positioned on the sheet metal specimen so that the pad is firmly pressed onto the stencil. 8. For best results, roll the marker with gentile pressure slowly for 60 seconds and then remove the marker and stencil. Marks will appear on the sheet metal specimen. 9. Neutralize marks properly using neutralyte to clean the sheet metal specimen. 10. Dry the sheet metal specimen. Figure 20 (a) shows the power supply turned on and set to 15 V. The red wire connects to the sheet metal specimen and the black wire connects to the roller marker. Figure 20 (b) shows the pre-set up for the etching process by placing the stencil on top of the sheet metal specimen. Figure 21 (a) shows the next step in the process by connecting the power supply to the sheet metal specimen. The red wire connects to the sheet metal from the power supply. Figure 21 (b) shows the etching process as being conducted after the electrolyte is applied. The roller marker is connected to the ground and the sheet metal is connected to the power supply. During this process, the voltage and electrolyte pass though the stencil to etch the desired image on the sheet metal specimen. Figure 22 shows the stencil and the sheet metal specimen after the etching process has been finalized on the specimen. The roller is completely soaked in Electrolyte for a clearer and deeper etch. Figure 23 (a) and (b) show the power supply performance tested on a partial surface of Steel sheet metal at 5V and 10V, respectively. Similarly, figure 24 (a) and (b) show the power supply performance on a partial surface of Steel sheet metal tested at 15V and 20V, respectively. All four voltages deliver reasonable etch marking on the Steel sheet metal. However, the marking resulted from 15V looks slightly better after visual inspection. Figure 25 shows the final etching on the entire Steel sheet metal specimen using 15 volts. On this sample, all of the circle grids appear complete and clear after the etching process completes. Figure 26 (a) and (b) show the power supply performance tested on a partial surface of Aluminum sheet metal at 5V and 10V, respectively. Similarly, figure 27 shows the power supply performance tested on a partial surface of Aluminum sheet metal at 15V and 20V, respectively. All four voltages deliver reasonable etch marking on the Aluminum sheet metal specimen. However, the marking resulted from 15V looks slightly better after visual inspection. Figure 28 shows the final etching on Aluminum sheet metal specimen using 15 volts. On this sample, all of the circle grids appear complete and clear. Table 7 shows the electrical components needed for the power supply and the cost associated with each component. Table 8 shows the other items needed for the electrochemical etching system (besides power supply parts) and the cost associated with each item. These items include the roller marker, power cord, stencils, marking solutions for different sheet metals, Steel and Aluminum sheet metal specimens. The total cost for the entire system is $340.12, which includes both the power supply components and the other items listed. The project cost is below the targeted cost of $350 specified earlier as a design constraint. The amount is away below the commercial products available in the market.
Conducting Etching Process
Marking Steel Sheet Metal with different Voltages
Marking Aluminum Sheet Metal with different Voltages
Project Cost
Assessment of Student Outcomes
For the purpose of assessing this project, a few specific learning outcomes have been selected. These learning outcomes include 1) Design, 2) Experimentation, 3) Oral Communication, 4) Written Communication and 5) Teamwork. For each selected learning outcome, a set of performance indicators have been defined as metrics for assessment purposes. Table 9 summarizes the performance indicators that have been developed to assess each of the learning outcomes selected. For a given learning outcome, the performance of the participating students have been assessed on each of the performance indicators (associated with the outcome) using a four scale scoring system. The scoring system considers scores of 1-4 for student performance of unsatisfactory/need improvement/satisfactory or competent. The student performance is estimated in percentage for each performance indicator for any selected learning outcome. Figure 29 shows the assessment results for Design learning outcome where student performance is depicted for each of the performance indicators associated with Design outcome. As seen, the students performed above 75% for all the performance indicators. It appears that student performance is the lowest in developing design strategy/planning/timeline along with design analysis using governing equations. These performance indicators will need further attentions for future projects. Assessment of Outcomes Figure 30 shows the assessment results for Experimentation learning outcome where student performance is depicted for each of the performance indicators associated with Experimentation outcome. As shown, the students performed above 75% for all the performance indicators. It appears that student performance is the lowest in experiment planning, time management, data interpretation and data analysis. More attentions should be paid to these performance indicators in similar future projects. Figure 31 depicts the assessment results for Oral Communication outcome. While student performance for all performance indicators is above 75%, there is still room for improvements when it comes to presentations' organization, clarity, use of proper English and handling questions. Similarly, Figure 32 shows the assessment results on Written Communication outcome. Although all the performance indicators have been assessed above 75%, the written reports' clarity and proper English can be further improved. Figure 33 depicts the assessment results for Teamwork learning outcome. It is observed that student performance is above 85% for all the performance indicators associated with Teamwork outcome. Figure 34 summarizes the assessment results for all the learning outcomes. As shown, all the outcomes have been assessed above 80%, which is very encouraging.
Further Observations on Student Learning 1-The project exposed two students to design process of a real world electrochemical marking system for strain measurement application with realistic design requirements and design constraints. 2-The students developed a design approach to design the electrochemical etching system. 3-The students learned how to apply the fundamentals of mechanics of materials to measure and calculate plastic true strain using circle grid analysis. 4-The students gained hands-on experience working with Multisim as a modern simulation tool for design and analysis of complex circuitries in realistic conditions. 5-The students learned how to select and work with electrical elements and components such as resistors, capacitors, voltage regulators, bridge rectifier, diodes, transformer, and potentiometer to prototype circuitries. 6-The students gained valuable hands-on experience on how to design and conduct experiments to validate the performance of the system designed. 7-The students learned the importance of implementing multidisciplinary concepts for design purposes. In this case, the students designed an electrical system that utilizes a chemical process for a mechanical engineering application. 8-The students learned how to develop operational and safety manual for the system designed. 9-The students improved their oral communication skills by making weekly presentations to the audience of the senior design class and a faculty advisor. 10-The students improved their written communication skills by documenting the design, design verification, prototype fabrication, testing and validation. 11-The students had a chance to improve their project management skills by setting up project plans, time lines and etc. 12-The students had a chance to work in a team framework and experience the challenges associated with it.
